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In this article we investigate the energy dependence o f  the steric effect for the title reactions with X =  F, Cl, 
and Br and CaX in the excited states A : n ,  B 2Z +, and A ' 2 A. W e use a semiclassical method (Meijer, A J.
H. M.; Groenenboom, G. C.; van der Avoird, A. J. Chem. Phys. 1996, 105 , 2247). The rotation of the CH X 
molecule and the asymptotically degenerate electronic states of the interacting atom and molecule are treated 
quantum mechanically. To describe the reaction we use a model which correlates the projection of the electronic 
angular momentum on the intermolecular axis with the projection of the electronic orbital angular momentum 
on the diatomic axis (Menzinger, M. Polon. Phys. A cta  1988, A 7 3 , 85). W e conclude that with this model 
it becomes possible to reproduce and explain the observed n ega tive  steric effect for the C a( 'D ) +  C H 3CI 
(jkm  =  111)—* CaCl (B 2Z +) +  CH3 . Furthermore, we conclude that the differences between the measured 
steric effects for the three reactions studied can be attributed to differences in the “cone o f  acceptance” for 
the three molecules studied. We find that the “cone of acceptance” increases when going from C H 3 F 10 
CH3CI or CHiBr, as might be expected.
1 . In troduction
There have been a number of studies into the role of reagent 
orientation in chemical reactions. One of the methods used to 
orient symmetric-top (like) molecules in such an experiment is 
the hexapole technique. In this method a hexapole field is used 
to select a certain rotational state, labeled by the symmetric top 
quantum numbers7 , A:, and m. A hexapole field combined with 
a homogeneous electric field allows control over the (average) 
spatial orientation (given by angle ft) of the molecular symmetry 
axis with respect to the relative velocity of the colliding 
particles . 1 - 1 4  Other methods to control the orientation of 
molecules have been reported as well; see, e.g., refs 15—21.
In this article we focus on the experiments for Ca ('£>) +
CH3X (jkm = 1 1 1 ) - *  CaX (A2 n ,  B2I +, A '2 A) +  CH 3 with X 
equal to F, Cl, or Br by Janssen, Parker, and Stolte . 14-22 They 
measured the steric effect as a function of the relative 
translational energy for some of the exit channels for these 
reactions. The steric effect for the (jkm = 1 1 1 )  rotational state 
is defined as the difference between the reactive cross section 
for favorably oriented molecules (meaning that the X atom 
points toward the Ca atom) and the reactive cross section for 
unfavorably oriented molecules (CH 3 group first), normalized 
to the total reactive cross section for unoriented molecules. Only 
the CaF (A2 FI), the CaCl (B2Z +), and the CaBr (A2 I1) exit 
channels were measured, because of experimental limitations.
Most theoretical studies on orientational effects in chemical 
reactions employ some version of the angle dependent line of 
centers (ADLC) model to describe the reaction probability. In 
the ADLC model the molecule is assumed to be surrounded by 
an energy barrier, visualized as an imaginary sphere. Atoms 
are only reactive if they have sufficient radial kinetic energy to 
surmount the barrier. One could take this barrier proportional 
to the cosine of the angle P r between the symmetry axis of the 
molecule and the intermolecular axis. From this model one 
predicts a decreasing steric effect for increasing translational
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energies, because at higher energies a wider range of angles ¡h 
is able to react. This behavior has been observed experimen­
tally, e.g., for the Ba +  N 2O reaction.
For Ca 4- CH3F (jkm  =  111) — CaF (A 2 FI) +  CH 3 Janssen 
et al. found an increasing steric effect with increasing energy. 
This result could not be explained using the ADLC model. It 
was tentatively explained in terms of reorientation of initially 
unfavorably oriented CH 3 F molecules towards the approaching 
Ca atom. Reorientation would scramble the initially prepared 
orientation and thereby lower the steric effect. At higher 
energies there would not be sufficient time for this reorientation 
to occur and the steric effect remains high. The reorientation 
was assumed to be caused by anisotropic terms in the long range 
interaction between a quadrupole moment on Ca and the 
permanent multipole moments on CH 3 X. Although an isolated 
atom cannot have a permanent multipole moment, the electric 
field of the approaching molecule will split the fivefold 
degenerate ‘D state of Ca. This gives rise to five (asymptotically 
degenerate) substates, each of which has a quadrupole moment.
Another explanation for the observed steric effect was found 
in quasiclassical trajectory calculations on an isotropic model 
potential in paper l . 23 As it turns out, atoms with large impact 
parameters will fly around the molecule and hit it at the back, 
thus counteracting the effect of the initially prepared orientation. 
We called this phenomenon “trapping”. Trapping will decrease 
the steric effect. At higher energies these trajectories with large 
impact parameters will fly by the molecule and be nonreactive, 
thus increasing the steric effect.
In paper 224 we showed that quasiclassical trajectory calcula­
tions, using the long range potential defined above and the 
modified quasi classical trajectory (MQCT) approach from paper
1, confirm the importance of trapping. However, its effect is 
partly canceled by reorientation of initially favorab ly  oriented 
molecules in such a way that they follow the approaching Ca 
atom, even if this atom is trapped and, without reorientation, 
would hit the molecule in the back. The cancellation of the 
effects of reorientation and trapping resulted in a steric effect 
that did not reproduce the experimental data.
© 1996 American Chemical Society
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Also a semiclassical (SC) method was developed to try to 
reproduce the experimentally observed steric effect (see paper
3 -). In semiclassical methods some coordinates are treated 
classically using Hamilton’s equations of motion. Other 
coordinates are treated quantum mechanically using the time- 
dependent Schrodinger equation. Hence, in our calculations a 
quantum mechanical wave function, describing the rotation of 
the molecule and the electronic degrees of freedom of the atom, 
and a classical particle, describing the relative motion of the 
colliding particles, are propagated simultaneously in time from 
30 bohr to the harpooning radius at 6.0 bohr. Up to this point 
the scattering is assumed to be nonreactive but possibly inelastic. 
This SC method yielded better results than the MQCT approach 
in paper 2 , but still did not yield agreement with experiment.
In the MQCT calculations and in the SC calculations it was 
assumed in first instance that the branching ratio for the different 
exit channels was energy independent (we called this the 
“uncorrelated model"). Later, in paper 3, we also introduced 
the “correlated model” (proposed by Menzinger in 198826-27), 
which makes a different assumption. This model correlates the 
electronic angular momentum of the atom at the moment of 
reaction to the final electronic angular momentum of the product. 
Evidence for such a correlation has been found experi­
mentally. 2 8 - 3 1  Using this model together with the SC method 
it became possible to reproduce the experimentally measured 
steric effect for the CaF (A 2 I1) exit channel. Also predictions 
were made regarding the steric effect for the B2Z+ and A '2A 
exit channels.
In this article we want to examine the negative  steric effect 
measured for Ca +  CH 3CI (jkm  = 1 1 1 )  — CaCl (B22 +) +  CH3. 
This negative steric effect cannot be explained using the standard 
ADLC model. Furthermore, we look at the Ca +  CH^Br 
reaction, also measured by Janssen et al.22 In section II we 
discuss the main physical ideas and models on which our 
calculations are based. In section III we give some computa­
tional details. In section IV we discuss the results for the Ca 
+ CH3CI and Ca +  CHiBr reactions and compare them to the 
results of paper 3 on Ca +  CH 3F and to the experiment. We 
also give predictions for the exit channels that were not 
measured experimentally. Lastly, in section V we draw some 
conclusions regarding the differences between the three systems 
and regarding the accuracy of the methods used. Finally, we 
point out where we think that our calculations might be 
improved.
II. Theory
For a detailed discussion of the theory used in this paper we 
refer to paper 3 . 25 Here, we only give an outline and focus 
more on the underlying chemical and physical models and ideas.
In the experiments by Janssen et al. on the reactions between 
Ca and CH 3 X , 2 2 ,1 4  Ca atoms in the 'D state were used. This 
'0  state is a metastable excited state of the Ca atom at 2.71 eV 
above the ground state. The lifetime of this state is ap­
proximately 1.7 ms [32] and it has a fivefold degeneracy. Its 
components with respect to the initial velocity vector (taken to 
be the z-axis of a space fixed (SF) frame) are labeled by the 
magnetic quantum number // =  —2, ..., 2. However, the 
presence of an electric field from the molecule lifts this 
degeneracy and gives rise to 5 (adiabatic) substates, labeled by 
N. The electronic state of Ca is treated quantum mechanically 
in our calculations in order to include this “preparation” of the 
adiabatic states, as well as nonadiabatic energy transfer. We 
restrict the description of the electronic state of Ca to the five 
components of the ]D  state and of the CH 3X molecule to its 
electronic ground state. We expand the interaction operator in
a multipole series. Hence, we get an electrostatic long range 
potential in which the Ca atom is represented by the 5 x 5 
quadrupole matrix of the ]D  state. The electronic state of the 
CH 3X molecule enters the potential through the dipole moment 
(£?,')), the quadrupole moment (Ql), and the octupole moment 
components (Q l)  and (Q\). We wish to emphasize here that if 
we were to include also other interactions, such as induction or 
dispersion, we would have to include also other electronic states 
of Ca and CH 3 X.
The CH 3 X molecules are treated in our calculations as rigid 
symmetric top molecules. Their rotational state is labeled by 
the symmetric top quantum numbers y, £, and m. The experi­
ment prepares molecules in the (j,k,m) =  (1,1,1) state. We treat 
the rotation of the molecule during the collision quantum 
mechanically, because the quantum mechanical description of 
such a low 7 -state is totally different from the classical 
description. In the experiment the CH 3X molecules are rota- 
tionally state selected by a hexapole field. Subsequently, they 
pass through two different homogeneous electric fields. The 
first field, the guiding field, orients the molecules in the 
laboratory frame and is used to ensure that the state selection 
is preserved between hexapole and reaction chamber. The 
second field, the harp field, is placed in the reaction chamber 
and orients the molecules with respect to the direction of the 
incoming atoms. In the experiment three different reaction 
geometries are used, in which the Ca atom always approaches 
from the +z-direction. In the first reaction geometry the C —X 
axis is preferentially oriented toward the approaching Ca atom. 
This will be called the favorable orientation. It corresponds to 
a calculation starting in a (ƒ, k , m) =  (1,1,1) state. To obtain 
the second collision geometry, the direction of the homogeneous 
electric field is reversed. Hence, the C —X axis is preferentially 
oriented away from the approaching Ca atom. This will be 
called the unfavorable collision geometry. It corresponds to a 
calculation starting in a (ƒ, k , m) =  (1, 1, —1) state. In the 
third collision geometry, the homogeneous electric field is 
switched off. The molecule will still be (ƒ, k) state selected, 
but its orientation with respect to the atom is now randomized. 
We perform additional calculations starting in a (ƒ, k, m) =  (1,
1 , 0 ) state and obtain the result for randomly oriented molecules 
as the average over the three calculations with m =  — 1 , 0 , 1 .
The initial conditions for the calculations are labeled by k =  
kj, w„ V,), where b is the impact parameter for the collision, 
while ji, kiy and m, are the initial rotational states of the CH 3 X 
molecule. In our calculations ji and kt are always 1 and m, is 1,
0, or —1, as discussed above. Last, /V, labels the initial 
(adiabatic) electronic state of the Ca atom. These states are 
defined to be the eigenvectors of the interaction matrix averaged 
over the initial orientational probability distribution of the CH 3X 
molecule in the rotational state (ƒ/, A'„ m,). The states Nj are 
constructed this way to ensure that the evolution of the electronic 
state of Ca is as adiabatic as possible, which makes the 
semiclassical method most reliable (see paper 3, section II.F). 
The states Ni are not equal to the adiabatic states N  of the Ca 
+  CH 3X systems, which would be a more obvious choice for 
the initial electronic states of the Ca atom. However, it is not 
possible to start in a pure adiabatic state N  and at the same 
time in a pure rotational state (ƒ, k , m), because the adiabatic 
states are defined for a given orientation (a, /3, y)  of the CH 3X 
molecules, whereas in our calculations we deal with molecules 
that are initially in a pure quantum state (ƒ/, kly mi).
The relative motion of the colliding particles is described by 
classical mechanics in such a way that the total energy of the 
system is conserved during the collision . 2 5 , 3 3 - 3 9  However, 
microscopic reversibility is not obeyed; i.e., the probability of
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an excitation from state n to state m is not equal to the 
probability of the reverse process. Methods have been published 
to circumvent this problem (see, e.g., refs 38 and 39). However, 
since the rotational energy is approximately 0.5% of the relative 
kinetic energy and since it never exceeds 4, reversibility will 
be small3 9  and we have not implemented these methods.
During the collision we monitor three different phenomena: 
trapping, reorientation, and the evolution of the electronic state 
of Ca. Trapping is the phenomenon that an atom approaching 
the molecule with a large impact parameter can be “captured" 
by the potential. In that case, it will fly around the molecule 
and may collide with it at the “back". If this happens, the 
initially prepared orientation of the molecular symmetry axis 
with respect to the atom will be scrambled. The second effect 
is reorientation, which counteracts the effect of trapping. If it 
occurs, an initially favorably oriented C —X axis will rotate to 
follow the approaching atom until the two particles collide. The 
third phenomenon we investigate is the evolution of the 
electronic state of the Ca atom. In order to determine what 
model describes the electronic behavior best, we monitor the 
populations of the electronic states in three different representa­
tions. In the first representation we monitor the populations
Q\^\t) of the diabatic 'D substates, labeled by /¿, in the space 
fixed (SF) frame. In the second representation the 'D substates, 
labeled by A, refer to the DF (dimer fixed) frame in which the
intermolecular axis is the z-axis. The populations P\[\t) of the 
'D substates are monitored. If the populations of the different 
substates in this frame do not change significantly during the 
collision, we are dealing with so-called “orbital following" . 2 6 3 , 4 0
In the third representation we examine the populations Mj'(/) 
of the five adiabatic states, labeled by N, of the Ca +  CH 3X 
system. These adiabatic states are obtained by diagonalizing 
the 5 x 5 interaction matrix.
When the two particles collide, reaction is assumed to occur 
through a harpooning mechanism. In other words, if an atom 
hits the reactive part of the molecule, an electron jumps from 
Ca to CH 3X at a certain distance /?/„ forming Ca+ and CH 3 X - . 
This distance Ri, is called the harpooning distance. The Ca+ 
and CH 3X - particles will then react to form the products CaX 
(A:n ,  B2Z+, A '2A) and CH 3 without forming an intermediate 
reaction complex. The reactive part of the molecule is modeled 
by a modified version of the angle dependent line of centers 
(ADLC) model . 2 3 - 2 5 ’4 1 - 4 4  In this model the molecule is 
surrounded by an imaginary sphere. Part of this sphere is 
considered reactive and part is considered nonreactive. The 
boundary between these two parts is given by the so-called 
cutoff angle /3C, which defines the “cone of acceptance". If the 
angle between the symmetry axis of the CH 3 X molecule and 
the point where the atom hits the sphere, /?/?, is smaller than the 
cutoff angle, the trajectory is considered reactive. If (3r is larger 
than /3C, the trajectory is nonreactive. A reactive trajectory 
(collision) can lead to three different reaction products, CaX 
(A 2 I1), CaX (B2Z+), or CaX (A '2A). In the case of Ca +  CH 3F 
and Ca 4- CHiBr, the A2n  exit channel was measured. The 
B 2Z+ exit channel could not be measured due to experimental 
difficulties. For CH 3CI only the B2£ + exit channel was 
measured. The A '2A exit channel was not measured in any of 
the experiments, because it is a metastable species, which lives 
too long to be detected in the setup used. The three exit 
channels are labeled by the projection, A/-, of the electronic 
angular momentum on the CaX axis (B2Z+ — A f =  0, A2n  —* 
A f =  1, A '2A — A f =  2). In experiments by Rettner and 
Zare2 8 ,2 9  on Ca 4- HC1 and Ca +  CL and in experiments by 
Soep et a / . , 3 0 *31 it was found that this projection on the symmetry 
axis of the product is more or less conserved during the reaction.
Hence, we assume that this is also the case for the reactions 
studied in this article. However, since the rotation of the Cl I X 
molecule is described quantum mechanically, it is much more 
convenient to use the projection, A, of the electronic angular 
momentum on the intermolecular axis instead. This approxima­
tion is not very severe, since the intermolecular axis makes an 
angle of at most 10° with the C a—X axis, when the Ca atom 
has arrived at the harpooning radius of 6.0 bohr. This model 
to determine the electronic state of the product molecule from 
the projection of the electronic angular momentum on the 
intermolecular axis, proposed by Menzinger in 19 8  8 , 26,2 is 
called by us the “correlated model". To investigate the influence 
of this model on the cross sections, we also examine the 
trajectories using a more approximate model. In the “uneor- 
related model" the reactive trajectories all proceed to the same 
reaction product, regardless of the electronic state at the moment 
of harpooning. This assumption is equivalent to assuming that 
the branching ratio for the different products is energy inde­
pendent. In both our models it is implicitly assumed that die 
harpooning radius is independent of the orientation of die 
reagents. We feel that this assumption is not severe, since we 
have shown in paper 2  that a change of the harpooning radius 
does not affect the energy dependence of the steric effect very 
much.
The trajectory calculations have to be performed for a number 
of impact parameters b and five initial electronic states N, to
obtain a reactive cross section a j y ' ,m,)(E) for a certain exit 
channel A / (2, n ,  or A) and a certain initial rotational state 
A'/, mj). With these cross sections, we examine three differ« nt 
properties as a function of the translational energy: the total
reactive cross section for unoriented molecules, a (} !a/(  a
the steric effect, a (,|;^(E)/CToJ^(£), and the alignment effect,
o ^ } ( E ) /o (^ E ) ,  The total cross section for unoriented mol- 
ecuies is measured directly in the experiment. In the calcula­
tions it is the average of the cross sections for the differe nt 
/»-states. Hence, for an exit channel A /the  total cross section 
for unoriented molecules initially in a (/„ £,) =  ( 1 , 1 ) rotational
state, Oq '^ j{E), is given by
.(l.D (i)
For an exit channel A/ the steric effect a\  ^ 0 ®  is
calculated as
Af
'"(E) < '■  "(£)
.(l.i 1 (2)
and the alignment effect (E ) / ^ , 1 \ j (E )  as
< o * >
5
(1,1-1)cW ' X E )  + &tf'  l\E)
XI.I)
2
o \r \E )
(3)
In the uncorrelated model the total reactive cross section for 
unoriented molecules, (7gU)(Zr), the steric effect, o \ ]']\E )l
), and the alignment effect, a (2u \E)10q A’(E), are calcu­
lated using the same formulas as in the correlated model but 
without the exit channel specification Af.
Since we only discuss experiments with molecules initially 
in the (//, kj) =  ( 1 , 1 ) state, we drop the ( 1 , 1 ) label from now 
on.
111. Computational Details
To perform the calculations the same program was used as 
in paper 3. It uses a variable order, variable step Adams-Gear
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TABLE 1: Experimental Values of a« and ox (E)/a{) (E ) for 
CH3CI at Different Energies
E. (eV) o{]{E) 0 \(E)/0()(E) E, (eV) o(](E) o\(E)/oo(E)
0.177 1.44 - 0 .1 7 0.319" 1 . 0 0 - 0 .2 6
0.194 1.33 - 0 .1 6 0.352 0.91 - 0 . 1 1
0.214 1.45 - 0 .1 8 0.395 1 . 0 2 - 0 .1 4
0 Reference point.
TA BLE 2: Experimental Values of o x (E)/a0 (E) for CH^Br 
at Different Energies
E (eV ) 0 ](E)/0{)(E) £ ( e V )  cj\(E)/oo(E)
0.319 0.11 0.352 0.17
T BLE 3: Permanent Multipole Moments for the CH3C1 
Molecule in Atomic Units
/a ma SCF MP2 total literature
1 0 -0 .8 3 1 9 0.0670 -0 .7 6 4 9 0.746 103 ±  0.000 090 '
2 0 1.5357 -0 .0 1 4 6 1.5503 0.91 ± 0 .6 *
3 0 6.4888 0.0897 6.5785
3 3 3.6882 0.0561 3.7443
' Experimental value. See ref 50. Conversion factor: I au =
2.541 58 D. h Experimental value. See ref 51.
TABLE 4: Permanent Multipole Moments for the CH^Br 
Molecule in Atomic Units
/a ma SCF MP2 total literature
1 0 -0 .8 3 6 9  0.1048 -0 .7321  0.716 747 ±  0.000 327°
2 0 2.7399 -0 .1 3 4 2  2.8741 2.64 ±  0.6A
3 0 5.3978 0.3313 5.7291 
3 3 4.2834 0.0467 4.3301
" Experimental value. See ref 52. Conversion factor: 1 au =
2.541 58 D. '’ Experimental value. See ref 51.
integrator from the NAG-library4'' to propagate the trajectories 
(subroutine “D02CJF”). The tolerance for the propagation was 
set to 10~6. This means that the energy and the norm of the 
w ive function are conserved up to four to six significant figures.
The results for CH 3F are taken from paper 3. For CH 3CI 
ai d CH^Br calculations were performed at six and two 
translational energies, respectively. These energies coincided 
with the experimental energies used by Janssen et cil.22 The 
e perimental values for Oo(E) and 0 \{E)loo{E) for CH 3CI are 
given in Table 1. The experimental values for 0 \{E)l0{)(E) for 
C H^Br are given in Table 2. For CHhBr no values for 00(E) 
were measured.
We have calculated the multipole moments for CH 3CI and 
CH^Br up to the octupole moment at the self-consistent field 
(SCF) level as well as at the level of second-order M 0 ller— 
Plesset perturbation theory (MP2), using the ATMOL program 
package .4 6  The (experimental) geometries for CH 3CI and CH 3- 
Br were taken from refs 47 and 48, respectively. The basis 
sets for C and H are given in paper 2. The basis sets for Cl 
and Br were taken from ref 49. The results for CH 3CI and CH 3- 
Br are given in Tables 3 and 4, respectively. As is clear from 
these tables the calculated dipole moments are slightly larger 
than the measured dipole moments. The calculated quadrupole 
moment of CH 3CI is also too large compared to experiment. 
On the other hand, the calculated quadrupole moment of CH 3- 
Br falls within the experimental error bars. For the octupole 
moments no experimental data were found.
For each translational energy, each electronic state N, of the 
Ca atom, and each m, state, calculations were performed with 
17 different impact parameters. These were equally distributed 
between 0 and 9.0 bohr, in such a way as to enable integration 
over b with the trapezoidal rule. The rotational constants used 
in the trajectory calculations were calculated from the geometries
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cos 0
R%
Figure  1. Adiabatic PESs as function o f  cos fin at R =  6.0 bohr, a K 
=  0, and yR =  0. Panel a. Ca +  C H 3F; panel b. Ca +  C H 3CI; panel c, 
Ca +  CHiBr.
used in the electronic structure calculations. The maximum 
impact parameter of 9.0 bohr turned out to be large enough not 
to miss any reactive trajectories. Each trajectory started at R 
=  30 bohr. The harpooning radius was taken to be 6.0 bohr 
for both CH 3CI and CH^Br. Three cutoff angles fa  =  90°, 120°, 
and 180° were used to determine the influence of the cutoff 
angle on the steric effect and on its energy dependence. 
Therefore, the calculations will be called “model 90”, “model 
1 2 0 ”, and “model 180” calculations, respectively.
For the calculations we used an IBM RS/6000 390 worksta­
tion. Trajectories typically took 70 min. For each trajectory 
the number of coupled equations was 198 558, the number of 
function evaluations was on the order of 300, and the memory 
use was on the order of 210 Mb.
IV. Results and Discussion
The SC results using the correlated model for the CaX (B:E+, 
A: TI, A ':A) exit channels will be designated by SC-Z, SC-TI, 
and SC-A, respectively. The SC results using the uncorrelated 
model for the Ca +  CH 3X reaction are designated by SC. First, 
we discuss the potentials of the three systems, trapping, 
reorientation, and the evolution of the electronic state of Ca. 
Then we turn to the discussion of the cross sections.
A. The Interaction Potentials. The multipole moments 
used to construct the PESs are in Tables 3 and 4 for CH 3CI and 
CFhBr, respectively. The multipole moments for CH 3F are 
taken from paper 2. The adiabatic PESs for the Ca +  CH 3 F, 
Ca +  CH 3CI, and Ca +  CH^Br systems are given in Figure 1 
as a function of cos f a  at R =  6.0 bohr, a r =  0°, and Yr =  0°. 
The labels Z, n ,  and A on the PESs are the symmetry character 
of the corresponding adiabatic eigenstates around f a  =  0  and 
f a  =  7r, where the eigenstates are pure states. The three panels
16076 J. Phys. Chem., Vol. 100, No. 40, 1996 Meijer et al.
TABLE 5: Trapping Data. Every Second Impact 
Parameter is Left Out
xf  (CH 3F) zf (C H,F) X f ( C H 3CI) Zj(C H 3CI)
0 . 0 0 . 0 6 . 0 0 . 0 6 . 0
3.2 3.0 5.2 3.0 5.2
4.5 4.2 4.3 4.3 4.2
5.5 5.1 3.1 5.1 3.0
6.4 5.8 1 . 6 5.8 1.5
7.1 5.9 - 1 . 0 5.9 - 1 . 2
in this figure show that the potentials for these systems are on 
the same order of magnitude (between —0.3 and 0.3 eV). The 
most remarkable difference is that the order of the Z, FI, A 
character of the PESs of the Ca +  CH 3CI and Ca +  CH 3 B1- 
systems around (Sr =  0 is reversed with respect to the Ca +  
CH 3 F system. The reason for this difference between Ca +  
CH 3 F on the one hand and Ca +  CH 3CI and Ca +  CH^Br on 
the other hand lies in the fact that the quadrupole moments of 
CH 3CI and CH^Br are substantially larger than the quadrupole 
moment of CH 3 F and have a different sign. The difference in 
the S, n ,  A character might seem large at first. However, if 
one inspects the dominant symmetry character of the eigenvec­
tors belonging to a certain PES, defined by the sum over squares 
of the coefficients of the basisfunctions of a certain symmetry, 
between cos ftR =  1 and cos ftR =  — 1 , it turns out that only 
between cos [3r =  1 and cos (3r =  0.9 the symmetry assignments 
between the three panels are different. Between cos =  — 1 
and cos (3r =  0.9 they are the same.
B. Trapping and Reorientation. We wish to examine the 
role of trapping and reorientation during the approach of the 
two colliding particles. From previous work2 3 “ 25 we know that 
both phenomena are important, especially at low energies on 
the attractive PESs. Furthermore, we know that the effects of 
trapping and reorientation on the reactive cross sections cancel 
each other to some extent. We will examine these phenomena 
for Ca -4- CH 3 F and Ca +  CH 3CI at the experimental energies 
E =  0.182 eV and E =  0.177 eV, respectively. For Ca +  CH 3- 
Br trapping and reorientation are not expected to be very 
important, because this reaction was only measured at relatively 
high translational energies. Therefore, we focus on Ca +  CH 3 F 
and Ca +  CH 3CI and examine trapping for trajectories on the 
most attractive PES (N, =  1), starting in a m, =  1 state (i.e., the 
projection of j  on the space-fixed z-axis equals 1 ).
A measure of the degree of trapping are the .v- and z- 
coordinates of the atom with respect to the molecule in the space 
fixed frame during the collision. If there is no trapping, then z 
is always positive (the atom approaches from the +z-direction 
in all cases). Furthermore, in case of negligible trapping the 
.v-coordinate will not change (straight-line trajectory). The 
y-coordinate is not very important, since the trajectories start 
in the .vc-plane (v =  0 ) and the deviation from this plane appears 
to be negligible. In Table 5 we give the initial coordinate a*,- of 
the atom with respect to the molecule for both reactions in 
column 1 (Zi is approximately 30.0 in all cases). In columns 2 
and 3 we give the coordinates (a/, z/) at the harpooning radius, 
R =  6.0 bohr, for the Ca +  CH 3 F reaction and in column 4 and 
5 the coordinates (a/, z/) at R =  6.0 bohr for the Ca +  CH 3CI 
reaction. We have omitted every second reactive impact 
parameter to obtain a more clear presentation. From this table 
it is clear that there is a considerable amount of trapping for 
both systems, especially for the trajectories with large impact 
parameters (large a,). There is not much difference between 
Ca +  CH 3 F and Ca +  CH 3CI. Apparently, the influence of the 
larger reduced mass (^20% ) of the Ca +  CH 3CI system is not 
visible at this energy.
For both systems also a large amount of reorientation is found. 
We plotted the final probability function for the direction of
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Figure 2. Final probability distribution at R = 6.0 bohr for the direction 
of the C —F axis as a function of the polar angle ft and the azimuthal 
angle a  at h = 3.89 bohr (panel a), h = 5.95 bohr (panel b), and h = 
7 .11 bohr (panel c). Initial conditions: E =  0 . 182 eV, m, =  1, anil N, 
=  1. Arrow designates position of atom. Panel a: (Ay, Zj) =  (3.7, 4 7). 
Panel b: (a/, z/) = (5.5, 2.5). Panel c: (Ay, Zf) =  (5.9, —1.0).
the C —X axis in the SF frame (given by polar angle ft and 
azimuthal angle a )  for the Ca +  CH 3 F reaction at h =  3 /  9. 
5.95, and 7 .1 1 bohr in Figure 2. For Ca +  CH 3CI the (ft. a) 
probability functions at the same impact parameters are plotted 
in Figure 3. In all cases the initial (/J, a )  probability distribution 
function corresponds to the (ƒ, k , m) =  ( 1 , 1 , 1 ) state and is 
given by Figure 10, panel a in paper 3. The position of the 
atom is indicated in each panel by the arrow. From these figures 
it is clear that, for both systems, there is not only reorientation 
in the /J-angle, but also in the a-angle. However, the two 
systems show remarkable differences for this phenomenon. I or 
Ca +  CH 3 F we see first a localization of the wave function 
around a  =  0  and then a reorientation of this localized wave 
function to follow the atom in its motion around the molecule. 
For Ca +  CH 3CI we see that the wave function “splits” , in the 
a-angle and that it spreads in the /i-angle. The difference 
between Ca +  CH 3 F and Ca +  CH 3CI can be understood from 
differences in the PESs, plotted as a function of ft and a .  We 
plotted these PESs for a number of values of the coordinates 
and this shows that the wave function follows the potential. 
From this observation we conclude that the CH 3 F and CH 3CI 
molecules behave more or less like classical particles with 
respect to rotation. Quantum effects do not seem to be very 
important, except for generating the correct initial state distribu­
tion.
C. Evolution of the Electronic State of Ca. As explained 
in section II we have chosen three representations in which to 
examine the evolution of the electronic states of Ca. Again, 
we focus primarily on the difference between Ca +  CH 3 F and 
Ca +  CH 3CI. Since the character of the electronic states 
depends on the initial conditions, we have chosen a few 
characteristic examples. The impact parameter is in all cases 
6.0 bohr. The initial rotational state (/„ w,) is in all cases 
(1, 1, 1).
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Figure 4. Cumulative population of the 'D substates of Ca in the SF 
frame for b =  6.0 bohr, ni, =  I , and N, =  1. Panel a: Ca +  C H 3F at 
E = 0.182 eV. Panel b: Ca +  C H 3C1 at E = 0.177 eV.
In Figure 4 we have plotted the populations Q\K. \ t )  of thea
substates u of the ‘D state of Ca with respect to the SF frame. 
The results for the Ca +  CH 3 F and Ca +  CH 3CI reactions are 
shown in panels a and b, respectively. Figure 4 is a cumulative 
plot, i.e., the area between two lines is the population of a certain 
state, as is indicated by the double headed arrow. In both cases
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Figure 5. Cumulative population of the ]D substates of Ca in the DF 
frame for b =  6.0 bohr, m, =  1, E =  0.119 eV, and N, =  1. Panel a: 
Ca +  C H iF  at E =  0.182 eV. Panel b: Ca +  C H 3CI at £  =  0.177 eV.
the trajectory was started on the most attractive initial PES (N, 
=  1 ), which corresponds to a linear combination of the u =  2  
and u =  —2 states. From Figure 4 it is clear that the evolution 
of the Ca electronic state is far from diabatic, because in that 
case the populations would have been constant. The scrambling 
of the//-states starts already at large separations (R ~  25 bohr) 
for both Ca +  CH 3 F and Ca +  CH 3CI. At shorter distances it 
seems that the wave function becomes prepared in a ^ =  0  state. 
Inspection of the eigenvectors for the potential around the 
harpooning radius shows that at this moment the wave function 
is in an area of the potential where the most important 
eigenvectors have predominantly 2  character. Apparently, at 
this translational energy the wave function adapts itself almost 
instantaneously to the potential. At higher energies, this will 
no longer be true and the populations of the 'D substates will 
resemble more the initial situation. It is interesting to note that 
the scrambling of u is a very efficient process. One has to 
increase the translational energy to approximately 1000 eV to 
quench it completely.
In Figure 5 we examine the populations P \[ \ t)  of the 'D 
substates A in the DF frame in which the intermolecular axis 
is the z-axis. Again, the trajectory is started in the Nj =  1 initial 
state, which in this frame corresponds to an almost pure A =  
± 2  state ( =  A symmetry). If the populations do not change, 
we may say there is “orbital following , \ 2 6 , 2 9 , 4 0  As is clear from 
Figure 5 this is not entirely the case, since the populations do 
change during the approach. It is clear, however, that A is better 
conserved than u. The differences between Ca +  CH 3F in panel 
a and Ca +  CH 3CI in panel b are again minor. If we compare 
the Ca 4- CH 3F results in panel a to the results in paper 3, we 
see that the scrambling starts a little later, but that the amount 
of scrambling is comparable. Apparently, the fact that the 
energy for panel a is approximately 1.5 times higher than the 
energy used in paper 3 is not very influential for the amount of 
scrambling.
In Figure 6  we examine the populations of the eigenstates N  
of the interaction matrix, as defined in paper 3, eq 30. The
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Figure 6 . Cumulative population of the eigenstates of the interaction 
matrix for Ca 4- CHiCl in the DF frame for b =  6.0 bohr. m, =  1, and 
£  =  0.177 eV. Panel a: Ca 4- CH..C1 for N-t =  1. Panel b: Ca 4- CH3- 
C1 for Nj =  5.
results for Ca 4- CH 3 F do not differ much from the results in 
paper 3. Therefore, they are not given here. Figure 6 , panels 
a and b, shows clearly that Nj and N  are not the same (see section 
II). In fact, the calculation is started in a pure Nj state, but in 
a mixture of adiabatic states N. For a trajectory starting in the 
Nj =  1 state (Figure 6 , panel a) the populations of the adiabatic 
states N  for Ca 4- CH 3CI do not change much during the 
approach of the colliding particles. This means that the adiabatic 
description fits the evolution of the Ca 'D states very well, as 
was the case for Ca 4- CH 3F. Only at relatively short distances 
is there a substantial deviation from pure adiabatic behavior. It 
seems that the Ca 4- CH 3CI curves in panel (a) are flatter than 
those for Ca 4- CH,F in paper 3. This suggests that the 
evolution of the electronic state of Ca in the case of Ca 4- CH 3- 
C1 is slightly more adiabatic than in the case of Ca 4- CH 3 F. 
The reason for this small difference is not clear.
For the /V, =  5 initial state, which corresponds to the most 
repulsive initial PES, the amount of nonadiabatic behavior is 
considerably larger (see Figure 6 , panel b) than for the Nj =  1 
initial state. The population of the lowest lying electronic states 
increases during the collision, whereas the population of the N  
=  3 and N =  5 states decreases. That is, electronic energy is 
released during the collision.
Concluding, we can say that for Ca 4- CH 3F and Ca 4- CH 3- 
C1 the evolution of the Ca electronic state is largely adiabatic 
for the Nj =  1 initial state. For the higher initial states (Nj >
1 ) nonadiabatic effects become more important.
D. The Steric Effect. The experimental results for Ca 4- 
CH 3CI — CaCl (B2£ +) +  CH 3 show a negative  steric effect, 
which is relatively independent of the translational energy. Using 
the uncorrelated model this cannot be explained, because for 
this model the lowest steric effect is zero (model 180 calcula­
tion). With the correlated model it is possible to obtain a 
negative steric effect, as was shown in paper 3. The SC-X 
results are shown in Figure 7. A cutoff angle of about 150° 
would give the best agreement with experiment. This angle is 
larger than the cutoff angle (3C that we find for the Ca +  CH 3F
Meijer et al.
Energy (eV)
Figure 7. SC results for o\(E)/oo(E) for Ca 4- C H 3CI —* CaCl (B21 ) 
-I- CH-* for different cutoff angles (with the correlation model). Also 
the experimental data and a fit to the experimental data are plotie
TABLE 6 : Steric Effect for the Ca 4- CH,Br — CaBr ( \ 2l\) 
4- CH3 Reaction for Different Translational Energies and 
Different Cutoff Angles Using the Uncorrelated Model and 
the Correlated Model
uncorrelated model correlated model
0.319 eV 0.352 eV 0.319 eV 0.352 eV
model 90 0.92 0.96 0.84 0.89
model 120 0.49 0.52 0.40 0.43
model 180 0.00 0.03 -0.15 -0.12
reaction (fic =  105°). This correlates well with the fact that 
chlorine is larger than fluorine (e.g., if one compares the van 
der Waals radii of both atoms).
For Ca 4- CFhBr —* CaBr (A2!!) 4- CH 3 the results for the 
uncorrelated and the correlated model are in Table 6 . For SC n  
we see that the steric effect drops by approximately 0 . 1  for a 
given cutoff angle with respect to the SC-Br calculations. In 
the uncorrelated model a cutoff angle of 155° reproduces the 
experiment and in the correlated model a cutoff angle of 140 . 
Beforehand, we expected to find a larger cutoff angle than the 
angle of 150°, found for Ca 4- CH 3CI, because bromine is larger 
than chlorine. However, only two data points were measured 
for Ca 4- CH^Br, making it impossible to estimate the accuracy 
of the experimental points. This makes the cutoff angle for Ca
4- CH^Br less accurate than the cutoff angle for Ca 4- CH 3F or 
Ca 4- CH 3CI, which might explain the discrepancy.
If we compare the curves for CH 3 F, CH 3CI, and CHiBr for 
each of the three exit channels in Figure 8 , we see that, for a 
given exit channel and cutoff angle, they are remarkably similar. 
Apparently, the differences in the PESs cancel to a large extent 
in the calculation of the cross sections. If we compare the curves 
for the 2  exit channel to the curves for the n  exit channel for 
a given cutoff angle and reactive system, we see small 
differences between the curves. The curves for the A exit 
channel are entirely different.
In the discussion of the steric effect for the Ca 4- CHiF 
reaction in paper 3, we used a qualitative reasoning based on 
the symmetry assignments of the PESs around cos /3/? =  — 1 
and cos fix =  1 to understand sign and energy dependence of 
the steric effect. For Ca 4- CH 3CI and Ca 4- CHiBr this 
“model” becomes more elaborate, because of the rapid changes 
in dominant symmetry around cos =  1. However, we feel 
that it can still explain the energy dependence of the steric effect 
and its magnitude as a function of cutoff angle. We first discuss 
the consequences of the model for the Z exit channel, a cutoff 
angle ftc =  180°, and a low translational energy (see Figure 8 ,
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panel a). From this starting point the effects for other cutoff 
an les and energies and for the other exit channels can be 
inferred. With a cutoff angle of 180°, one samples all values 
oi ftR. For the unfavorable reaction geometry (in, =  — 1) the 
fn il orientational probability distribution shows a maximum 
ar und =  71, where the lowest potential energy surface has 
a Z character (see Figure 1, panels b and c). Therefore, the 
cross section for the reaction to the B2£ + exit channel for this
re ction geometry, civ '1' " ,  is large. For the favorable reaction 
geometry (/?!, =  1 ) the final orientational probability distribution 
sl ows a maximum around /3r =  jt/3. This implies that the 
sv stems proceed mainly to the A ' 2 A exit channel, because the 
dominant symmetry character of the eigenstates associated with 
the lowest two PESs (on which most of the reactive trajectories 
are) is A. Therefore, it seems plausible that the cross section 
tor the reaction to the B2Z+ exit channel for the favorable
reaction geometry, <7v'U l , is smaller than a ^ '1' 11 which
results in a negative steric effect for a model 180 calculation. 
Decreasing the cutoff angle excludes the region around /3R =  tt
and affects Ov ' 1 , - 1 1  more than a v 'U). Therefore, for smaller 
cutoff angles the steric effect increases and becomes positive.
Increasing the energy causes a drop in (Jv1,1, ", because more 
trajectories end up on higher PESs (whose eigenstates have a
different X, n ,  A character). For the same reason <7v'1'’' 
increases slightly. This means that the steric effect increases 
with increasing energy. One can apply the same model for the 
A-n and A '2A exit channels and explain the size and energy 
dependence of the steric effect for different cutoff angles and 
different translational energies, for each exit channel, which are 
plotted in Figure 8 , panels b and c.
exit
Summarizing, it can be said that there are two reasons for 
the differences in the measured steric effect between the Ca 4- 
CH 3 F and Ca 4- CH 3CI reactions. First, there is the effect of 
the larger cutoff angle in case of Ca +  CH 3CI. Second, there 
is the effect from the fact that for Ca -I- CH 3CI a different exit 
channel was measured. From the results in Figure 8  it follows 
that the effect of the larger cutoff angle is much more important 
than the effect from the different exit channel. This might seem 
contradictory to the experimental results, where a positive  steric 
effect was found for the A2n  exit channel of Ca 4- CH 3F and 
Ca 4- CH^Br and a negative  steric effect for the B2Z+ 
channel of Ca 4- CH 3CI. However, we also predict a negative  
steric effect for the A2n  exit channel of Ca 4- CH 3CI of 
approximately —0.05, relatively independent of the translational 
energy. This channel was not measured for this reaction, 
however. For Ca +  CHiBr the experimental data are scarce. 
Although the measured steric effect is positive in this case, it 
is small and closer to the result for Ca 4- CH 3CI than to the 
result for Ca 4- CH 3 F. This supports our conclusion. Long- 
range effects are important to obtain the correct energy 
dependence of the steric effect, as found for the Ca 4- CH 3F 
system. However, the differences in the steric effect for the 
three systems are dominated by the effect of different cutoff 
angles, rather than by differences in the long-range potentials.
E. The Total Cross Section and Branching Ratios. For
Ca 4- CH 3CI neither the SC nor the SC-2 results reproduce the 
experimental energy dependence of the total reactive cross 
section for unoriented molecules very well. This is not entirely 
unexpected, since for Ca 4- CH 3 F —* CaF (A: I1) 4- CH 3 the 
experimental 00(E) was not reproduced either. In paper 3 we 
gave two possible reasons for this failure to reproduce the 
experimental results. Either important elements are missing 
from the potential, such as induction or dispersion, or the 
description of the harpooning mechanism is not accurate enough. 
Also, harpooning may take place at a separation of ap­
proximately 1 0  bohr (at the so-called outer crossing), leading 
to ground state products . 2 2 ,2 4  This harpooning may be both 
energy and orientation dependent and affect indirectly the 
measured cross sections. However, we are not able to quantify 
this effect, since the reaction to the ground state was not 
examined experimentally.
The SC-Br results and the SC-Br-Il results for Ou(E) are all, 
within a few percent, energy independent. The total cross 
section for unoriented molecules was not measured for this 
system. However, we think that, in view of the results for Ca 
4- CH 3 F and Ca 4- CH 3CI, the results for Ca 4- CHiBr will not 
reproduce the experiment either. However, if we assume that 
comparable errors are made for all o {)(E), the branching ratios 
for the different exit channels will still be meaningful.
The branching ratios ao.i(E)/ao.n(£) between the B2Z + and 
A2n  exit channels for the three Ca 4- CH 3 X reactions are given 
in Table 7 together with the experimental values. The experi­
mental values were all obtained from experiments with a CH 3X 
gas cell instead of a beam. We have given the calculated 
branching ratios at low energy (E =  0.182 eV for Ca 4- CH 3 F, 
E =  0.177 eV for Ca 4- CH 3CI) and at high energy {E =  0.358 
eV for Ca 4- CH 3 F, E =  0.352 eV for Ca 4- CH 3C1 and Ca 4- 
CHiBr). For the calculated branching ratios we have taken the 
cutoff angle which gave the best results in the calculation of 
the steric effect, i.e., 105° for Ca 4- CH 3 F, 150° for Ca 4- CH 3- 
Cl, and 140° for Ca 4- CH^Br. The branching ratios turn out 
to be relatively independent of the translational energy. They 
show a decreasing trend in going from CH 3 F to CH 3Br. 
However, the correspondence between theory and experiment 
is only qualitative.
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TABLE 7: Branching Ratio [(Tnx(E)l(To,n(E)] between the 
B2£ + and the A2II Exit Channels and Branching Ratio 
[<7o,a(£)/0o.ii(£)] between the A '2 A and the A2i l  Exit 
Channels for the Ca 4- CH3F, Ca 4- CH3CI, and Ca 4- 
CHJBr Reactions. Also the Experimental Values for 
[ (^iv(E)/<70,n(^)] Are Given
Oox(E)looj\(E) <7o.A(£Vtfo.n(£)
reaction
“low” “high” 
energy" energy' exptl
“ low”
energy
“high”
energy
Ca +  CH^F 
Ca +  CHiCl 
Ca 4- CHiBr
0.45
0.42
e
0.49
0.45
0.43
1 —5.6* 
0.67'y 
0.2—0.3^
1.6
1.1
e
1.3
1.1
1.1
" E = 0.182 eV lor Ca +  CFhF. E =  0.177 eV for Ca +  C H 3CI. 
b E =  0.358 eV for Ca 4- CFhF. E =  0.352 eV for Ca +  C H 3CI and 
Ca 4- CHiBr. c See ref 14. lt See ref 53. c Not calculated . J See ref 54.
The branching ratios Oo^(E)loo.n(E) between the A '2A and 
A2n  exit channels for the three Ca 4- CH 3X reactions are given 
in Table 7 for the same two energies as the Gox(E)/oo.n(E) 
branching ratios. No experimental values are known for these 
branching ratios. The Oo^{E)lootu(E) branching ratios turn out 
to be more energy dependent than the branching
ratios for the Ca +  CH 3 F reaction. They also decrease when 
going from CH 3 F to CH 3CI but do not change when going from 
CH 3CI to CFLBr. However, we think that we can conclude 
from the 0 0 \{E)10\)j\{E) and the o^(E)Ioqj\{E) branching ratios 
that the A2n  exit channel becomes more important for heavier 
methyl halides.
F. The Alignment Effect. The alignment effect was not 
measured experimentally for the Ca 4- CH^Br reaction. For 
the Ca +  CH 3CI reaction it was found to scatter around zero . 22 
The calculations show that it is on the order of —0.1 in the 
case of Ca +  CH 3CI, relatively independent of translational 
energy or exit channel. For the Ca 4- CH^Br reaction, the 
alignment effect is found to be approximately zero, again 
independently of the translational energy and the exit channel. 
These findings are consistent with the findings for Ca 4- CH 3 F, 
where a similar result was obtained, both by calculations and 
by the experiment.
V. Conclusions
We have performed semiclassical calculations on the Ca ( ]D)  
4- CH 3X (X =  F, Cl, Br) reactive systems. The potential for 
these systems consists of five asymptotically degenerate PESs. 
The relative motion of Ca with respect to CH 3X was treated 
classically; the rotation of the CH 3X molecule and the electronic 
state of Ca and CH 3X were treated quantum mechanically. Two 
models were used to describe the reaction probability. The first 
model, a modified version of the ADLC model, was used to 
describe the reactive part of the CH 3X molecule; i.e., it was 
used to determine whether a trajectory was reactive or nonre­
active. The second model, to which we refer as the correlated 
model, was used to describe the reactivity for different exit 
channels of the reaction. In this model it is assumed that the 
projection of the electronic angular momentum on the inter- 
molecular axis is conserved during the reaction. This projection 
becomes the projection of the electronic angular momentum of 
the product on its symmetry axis.
For the Ca 4- CH 3F and Ca 4- CH 3CI reactions we examined 
some trajectories in more detail for the occurrence of trapping 
and reorientation of the incoming molecule. Both reactions 
show comparable amounts of trapping. With respect to 
reorientation, these reactions turn out to behave differently. 
Calculations on Ca 4- CH 3 F show a localization of the 
probability distribution of the C —F axis toward the incoming
atom, although somewhat lagging behind. Calculations on Ca 
4- CH 3CI show a localization of the C —Cl axis in the azimuthal 
angle a  but a spread in the polar angle ft. The cause for this 
difference lies in the differences in the PESs as a function of 
and a  for these systems.
The evolution of the electronic state of Ca ( ]D ) in the C a + 
CH 3F and Ca 4- C H 3CI reactions can be viewed as nearly 
adiabatic for the most attractive PES. For less attractive tnd 
repulsive PESs, nonadiabatic effects start to play a larger role. 
We also conclude that “orbital following" in terms of “pure” 
substates of the 'D state occurs to some extent, but cannot 
completely describe the evolution of the Ca electronic state.
The original substates // =  —2......2 of the 'D state with respect
to the laboratory (SF) axes are completely scrambled dunng 
the collision.
With the models for the reaction probability, described in 
the first paragraph, it is possible to reproduce the experiment illy 
measured steric effect for the reactions Ca 4- CH 3 F —*■ CaF 
(A 2r i )  4- CH 3 (see also ref 25), Ca 4- CH 3CI —  CaCl (B2S+) 
4- CH 3 , and Ca 4- CH 3Br —* CaBr (A2 IT) 4- CH 3 . To reproduce 
the experiment for these three reactions a “cone of acceptance” 
with cutoff angles of 105°, 150°, and 140° was used, respec­
tively. The increase in the cutoff angle, when going from Cl hF 
to CH 3CI and CH^Br, is consistent with the fact that Cl and Br 
are larger than F. The difference in cutoff angle between Ca 
4- CH 3CI and Ca 4- C H 3Br may reflect subtle differences in 
the (short-range) reaction dynamics, which are not included in 
our (crude) reaction model. The negative steric effect for the 
Ca 4- CH 3CI reaction, which seemed so surprising at first is 
an effect of the large cutoff angle for CH 3CI rather than an effect 
of the B2£ + exit channel, which was measured for Ca 4- CH3- 
Cl. Reexamination of the experimental results shows that this 
conclusion is not contradicted by the measurements. The long- 
range potentials used are necessary to obtain the correct energy 
dependence for the steric effect, as measured for the Ca 4- CM T 
system. However, for the observed differences in the steric 
effect, differences in the cutoff angles are more important than 
differences in the long-range potentials.
The energy dependence of the experimental cross sections 
for unoriented molecules, Oo{E), cannot be reproduced by our 
calculations. In general, this energy dependence is too weak 
compared to experiment for all three reactions studied. The 
branching ratios Oox(E)/oo.n(E) for the three reactions show the 
same qualitative behavior as the experimentally measured 
branching ratios, when going from CH 3 F to CH^Br. However, 
there is no quantitative agreement between theory and experi­
ment for this property. There might be two possibilities to 
obtain more accurate results for Oo{E). First, the modeling of 
the reaction probability can be improved by using, e.g., Landau- 
Zener type transition probabilities to model the harpooning 
event. Second, it is possible to include other Ca or CH^X 
electronic states in the calculation, in order to introduce 
polarization effects and dispersion forces. Also the inclusion 
of Ca+ and CH 3X -  electronic states might improve the 
calculation.
In general, we conclude that we have shown that the 
correlated model is able to reproduce the experimentally 
measured steric effect for the reactions studied in this article. 
Furthermore, we have shown that it is possible to make 
qualitative ideas about these reactive systems more quantitative 
with the models used in our calculations.
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